The growth and phase segregation properties of the potential dilute magnetic semiconductor alloy, (MnSe) x (Ga 2/3 Se) 1−x , are studied as a function of thickness, Mn concentration, post-growth annealing, and the presence or absence of undoped Ga 2 Se 3 buffer and capping layers. This system is an unusual case in heteroepitaxy where two phase MnSe+Ga 2 Se 3 has better lattice matching than the (MnSe) x (Ga 2/3 Se) 1−x alloy. Despite this peculiarity, this system shows a modified form of Stranski-Krastonow growth: laminar films are observed up to a certain x-dependent critical thickness, above which islands are observed by scanning tunneling microscopy (STM). The island morphology depends on the presence or absence of an undoped Ga 2 Se 3 buffer layer and postgrowth annealing. A kinetically stabilized platelet morphology is observed at the crossover point between laminar and islanded films. Based on Mn-and Se-K edge extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure (XANES), there are two types of Mn in islanded films: Mn that remains doped in the Ga 2 Se 3 but oxidizes upon exposure to air, and Mn that participates in the islands, which are precipitates of the MnSe phase. Consistent with MnO or MnSe, L-edge X-ray absorption on air exposed films suggests the Mn is in the formal 2+ oxidation state. No L-edge X-ray magnetic circular dichroism (XMCD) signal is observed at 20 K, which may be due to surface effects or to a lack of magnetic order.
I. INTRODUCTION (14 at. %).
Neither MnSe nor MnGa 2 Se 4 exhibit ferromagnetism. MnGa 2 Se 4 is antiferromagnetic with a Nèel temperature of 8 K. 13 The MnSe case is more complicated; structural transitions occur simultaneously with magnetic transitions to antiferromagnetism between 90 and 300 K. 14 The magnetism in Mn-doped layered GaSe exhibits an unusual temperature dependence where the magnetization increases with increasing temperature between 100 K and 170 K.
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This is very interesting due to the possibility of a reentrant carrier-mediated ferromagnetic semiconductor, which becomes ferromagnetic as temperature is increased due the increase in free carrier density as predicted in [16] and reported experimentally in [17] . Meanwhile, nothing is known about the magnetic behavior of Mn-doped Ga 2 Se 3 . This raises the question of what the magnetic behavior of low concentration Mn substituting in the nearly zinc-blende Ga 2 Se 3 might be. An essential first step towards possible DMS application of Mn:Ga 2 Se 3 is mapping its solubility properties in thin film growth.
Contrary to the bulk phase diagram, which predicts the secondary phase MnGa 2 Se 4 , (MnSe) x (Ga 2/3 Se) 1−x heteroepitaxy on Si(001):As at high x results in the secondary phase MnSe. 11 Compared to the relatively well studied A x B 1−x alloys Si x Ge 1−x and (InAs) x (GaAs) 1−x , (MnSe) x (Ga 2/3 Se) 1−x is an unusual case in heteroepitaxy where both Ga 2 Se 3 and MnSe, separately, have better lattice matching to the substrate than the alloy.
In this report, the growth and phase segregation properties of the potential DMS alloy, (MnSe) x (Ga 2/3 Se) 1−x , are studied as a function of thickness, Mn concentration, post-growth annealing, and the presence or absence of undoped Ga 2 Se 3 buffer and capping layers. The results show some similarity to the Stranski-Krastonow growth mode that is observed for alloys with larger mismatch. For low x, about 2 atomic % Mn, laminar films are observed by scanning tunneling microscopy (STM) up to a critical thickness of ∼2 nm. The critical thickness is smaller for larger x. Above the critical thickness, oriented islands with flat tops and straight edges are observed. An undoped Ga 2 Se 3 buffer layer between the doped film and substrate causes the islands to be shorter and more irregular in shape than the tall islands with rectangular footprint that are observed without the buffer layer. An undoped Ga 2 Se 3 overlayer has little effect on the island morphology. The pure Ga 2 Se 3 morphology exhibits smooth nanoridges, 9 but the nanoridges in the laminar doped films, or in between the islands in islanded films, exhibit irregular bumps along their length that can be attributed to the presence of near surface Mn.
The atomic, electronic, and chemical structure of the films are also reported. The islands observed with STM are identified by bond length measurements from extended x-ray absorption fine structure (EXAFS) as precipitates of the rocksalt MnSe phase. Another Mn local environment, similar to MnO, observed in EXAFS is attributed to the Mn in the Ga 2 Se 3 nanoridges that has been oxidized by air exposure. Based on Mn L-edge X-ray absorption for air exposed films, the Mn in the films is in the 2+ oxidation state, which is expected for either MnSe or MnO. The X-ray magnetic circular dichroism (XMCD) was also measured at the Mn L-edge for a series of samples, but no significant dichroism signal was observed.
This could indicate a lack of magnetic order in Mn-doped Ga 2 Se 3 , but it is also possible that an intrinsic magnetic nature of these ultra-thin films is destroyed by air exposure.
II. GROWTH AND MEASUREMENT
Preparation of quality undoped Ga 2 Se 3 films by molecular beam epitaxy (MBE) on Si(001):As substrates is detailed elsewhere. 9 In brief, Si(001) is covered with a monolayer of arsenic after removal of the commercial oxide. Evaporation from a GaSe source onto a 500
• C Si(001):As substrate with flux rate of 4-8Å/min results in a crystalline, laminar, epitaxial Ga 2 Se 3 film. 8, 9 These parameters are held fixed for the doping experiments. Mn is dosed with a separate Knudsen cell.
After growth, films are transferred in-situ in ultrahigh-vacuum (UHV) for measurement with a commercial (Omicron) UHV-STM and X-ray photoelectron spectroscopy (XPS).
XPS was measured at normal emission using a Mg K α source (hν=1253.3 eV). Immediately following growth of any of the films used in the X-ray absorption studies the XPS signal from possible trace oxygen contamination was less than the noise level in the spectra. However, while pure Ga 2 Se 3 is stable against oxygen, 18 the presence of Mn greatly increases the tendency of the films to develop oxygen contamination over time, or immediately upon limited exposure to non-UHV conditions, and O 1s emission was observed on some films after STM measurements. A bright Ga LMM Auger line overlaps with the C 1s peak, so we have no information about whether there is trace carbon contamination. Droplets were observed with scanning electron microscopy on the surface of a Mn doped film and identified as gallium with energy dispersive X-ray analysis (not shown). Though significant by mass, these droplets contribute little to the XPS signal because they cover only a very small fraction of the surface. Similarly, STM measurements are conducted between these droplets, and their contribution is not observed. The droplets may be due to the growth under the selenium poor conditions used here, which is exacerbated by the addition of Mn.
Film thickness is determined in two ways (growth time and XPS); the two methods are well correlated but give very different absolute thicknesses. First, thickness is determined by separately calibrating the incident Mn and GaSe fluxes with a quartz crystal monitor (QCM) and multiplying by the deposition time. We call the thickness determined in this way the "QCM thickness" or t QCM . Second, the film thickness for laminar films is measured with XPS by comparing the area under the Si 2p and Se 3d peaks utilizing Hartree-Fock photo-ionization cross sections. 19 This gives "XPS thickness", or t XP S . For laminar films, it is reasonable to expect that this procedure will give an accurate measure of the true film thickness. For islanded films, it is not possible to accurately measure film thickness with XPS. In fact, the term "thickness" is no longer well defined for islanded films. "QCM thickness" and "XPS thickness" are well correlated, but t QCM is always greater than t XP S due to re-evaporation during growth on a hot substrate. Empirically, t XP S ≈ 0.1×t QCM +0.6nm
for laminar films. The amount of re-evaporation depends sensitively on the temperature; 20 the temperature was held constant (within 10
• C) for all the doping experiments. For further details see [21] .
We can also define the "QCM Mn concentration," which is almost equivalent to at. % Mn, as the amount of Mn divided by the amount of GaSe and Mn measured on the QCM. So, "QCM Mn concentration" = Mn QCM /(GaSe QCM +Mn QCM ). Due to the very low Mn flux for very dilute films (QCM Mn concentration less than 5%), there is a relatively large error bar in QCM measurement of the amount of Mn deposited (∼ 30%).
Mn L II,III X-ray absorption spectra (XAS) were measured at the Advanced Light Source (ALS), beamline 6.3.1, on samples grown in Seattle. Samples were mounted with carbon tape on a copper cooling rod and mounted in the path of the X-ray beam at ∼ 10 −6 torr with an incident angle 30
• from grazing. The absorption was measured in total electron yield (TEY) and normalized by the TEY from a gold mesh upstream of the sample. Due to the absence of a reliable calibration in this energy range, spectra were aligned in energy manually.
X-ray magnetic circular dichrosim (XMCD) was conducted. Slits were used to select a section of the beam with ∼60 % circular polarization. A magnetic field was applied parallel to the beam direction by an electromagnet outside the vacuum system. The applied field was alternated at each photon energy between positive and negative 2,000 Oe. The dichroism spectra were then computed by taking the difference between the plus and minus field data at each point divided by their sum (not shown).
Samples grown and checked in UHV with STM and XPS were measured in air for Kedge X-ray absorption measurements at the Advanced Photon Source ( This allowed for an accurate determination of the absolute beam energy because the edge position of the standard reference sample is known. Background subtraction, normalization, and Fourier transforms were done in the standard way using the Athena computer program.
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III. RESULTS Figure 1 summarizes the series of films that were grown in terms of thickness and concentration, and groups the films into three categories: laminar, platelet, and islanded. This grouping is determined by STM, as described in the next section. The labels on the samples in Fig. 1 are used throughout this article to identify the various samples. For some films, the Mn-doped films were grown directly on Si(001):As -referred to below as "direct" films.
For other films, an undoped Ga 2 Se 3 layer was deposited first on Si(001):As, and then the Mn-doped film was grown on top of that with the thickness and Mn concentration givenreferred to below as "buffer layer films". The buffer layer used had a QCM thickness of ∼ 3 nm except for the following: B1, 9 nm; B9, 4 nm; B6, 1 nm; B2, 2 nm. For some films, an undoped Ga 2 Se 3 layer with QCM thickness ∼3 nm was deposited on top of the direct Mn-doped film -referred to below as "overlayer" films. Recall that "QCM thickness" is an overestimate of the true thickness (by up to 5 times) due to reevaporation during growth.
A. Surface and Island Morphology (STM)
The film morphology for dilute Mn-doped Ga 2 Se 3 films grown on Si(001):As depends on film thickness. Figure 2 (a)-(c) shows the film morphology for direct films with QCM Mn concentration ∼2 % as a function of increasing QCM thickness from 3 nm to 15 nm. For undoped films the only morphological change in this thickness range is that the nanoridges become wider; under these Se-poor conditions, layered GaSe begins to form at much higher thicknesses. 20 The morphology in Fig. 2 (a, D1) , for a film with t QCM ∼3.4 nm, is characterized by long "nanoridges" aligned along Si [110] . This nanoridge morphology is similar to that reported previously for pure Ga 2 Se 3 on Si(001):As, and is understood to result from ordering of the intrinsic vacancies. 9 The long directions of the nanoridges are aligned with the dimer rows of the well-known Si(001) 2 × 1 reconstruction. 20 The dimer rows, and thus the nanoridges, rotate 90
• with each quarter-unit-cell step between terraces on the substrate.
To emphasize the relationship between the dimer rows of the substrate and the orientation of the nanoridges, the film shown in Fig. 2 (a, D1) was grown on a substrate with 4
• miscut, which is known to result in half-unit-cell steps between terraces and only a single orientation of the dimer rows. As a result, all the "nanoridges" are aligned parallel to each other, whereas for a substrate with no miscut, two orientations of nanoridges are observed.
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The nanoridge morphology persists up to a QCM thickness of about 10 nm, at which point a new morphology is observed. This new morphology, shown in Fig. 2 (b, D5), consists of occasional tall islands surrounded by a mixture of relatively wide, flat platelets and nanoridges. This platelet morphology is only observed in a narrow thickness range between 10 and 15 nm, and in this range the morphology depends sensitively on preparation conditions. That is, films with very similar thickness and Mn concentration exhibit different morphologies. This is shown in Fig. 1 at the 10 nm side by distinction between D4 (not shown) and D5. The former has a laminar morphology similar to that shown in Fig. 2 (a, D1), while the latter takes the platelet morphology ( Fig. 2 (b, D5) ). Also, at the 15 nm side, two films, D6 and D7, very nearby in Fig. 1 have very different morphology. The morphology of D6 resembles the platelet morphology of D5 (see Fig. 5 (a, D6)), while D7 takes a highly islanded morphology ( Fig. 2 (c) ).
The highly islanded morphology of the film shown in Fig In the buffer layer case ( Fig. 3 (b, B4)) the islands are shorter and more irregular in shape. In our previous report, 11 we showed STM data from a similar sample (B5). For completeness, those results are restated here. On the terraces between the islands there is a nanoridge morphology with wider nanoridges and larger height variation than the undoped case. The island perimeters are locally aligned with the nanoridge morphology. Though irregular, the islands tend to be elongated along the same direction as the long-axis of the nanoridges. As with the dimer rows of the substrate and the nanoridges, the long direction of the film's island morphology rotates 90
• at each substrate step. Some islands cross substrate steps, resulting in "L" or "T" shaped intersections, which contribute to the irregularity of the island shapes. Some islands have an incomplete top layer covering 10% to 90% of the island; the step height from this layer to the next is ∼ 2.7Å.
STM of Mn doped films shows small (∼ 0.5Å) apparent protrusions (bumps) along otherwise smooth nanoridges. To isolate the effect of Mn on the nanoridge morphology, 0.6 Å Mn was deposited on pure Ga 2 Se 3 at the standard growth temperature, 500
• C. Before
Mn deposition ( Fig Depositing an undoped Ga 2 Se 3 overlayer has little effect on the film morphology. For example, the morphology of the sample in Fig. 3 (a, D8) was also observed after depositing an overlayer (not shown), and the result was essentially indistinguishable from the morphology beforehand. Specifically, the morphology was still characterized by tall islands with rectangular foot prints sticking out from a layer with the nanoridge morphology of pure Ga 2 Se 3 .
This is different from the case of Cr-doping of Ga 2 Se 3 where islanding is also observed, but where an undoped overlayer has a dramatic effect in reducing the size of the islands. Excitation of the Mn 2p core level via X-ray photoemission and absorption yields sensitive, atom-specific information about the local electronic and magnetic structure.
Mn L-edge XAS of air exposed films closely resembles the result expected for atomic Mn in the 2+ (d 5 ) oxidation state. Fig. 6 (a) shows the strong similarity in XAS for two films:
one with the platelet morphology (D5, see Any dichroism signal from XMCD at 20 K was less than 1 % for all of the samples measured (P3, D5, D3, B2, D2), which is comparable to the noise level in the spectra.
Mn 2p XPS was measured in situ using Mn K α radiation (1253.6 eV); the spectra include the overlapping contribution of the Mn LMM Auger peak. The MnSe reference sample, on the other hand, shows both a clear first neighbor peak at R ∼2.3Å, corresponding to a first neighbor bond length of about 2.7Å, and second neighbor peak at R∼3.5Å, corresponding to a second neighbor bond length of about 3.8Å. The data for the islanded samples, B8 and D7, is more complex due to the overlapping contributions of several bonds with similar lengths.
The results of fits to the Se EXAFS data using FEFF6 27 are shown in Fig. 8 (a) and (b).
Each data set was fit separately assuming certain scattering paths with neighbor species and initial bond lengths corresponding to known phases. For the selenium K edge, paths were selected from among oxygen first-neighbors in selenium oxide, Ga first-neighbors in Ga 2 Se 3 , and Mn first-and Se second-neighbors in MnSe. Paths were excluded if they did not improve the quality of the fit. Table I shows which paths were included for fitting each data set, which fit parameters were used, and the values from the fit. For data fit with first and second neighbor paths, the k and R ranges were 2-13Å −1 and 1-4Å, respectively, or slightly wider for the reference samples. If only first neighbor paths were included, the k and R ranges were 2-10Å −1 and 1-3Å. As shown in Table I , depending on whether 1, 2, or 4 paths were included, the total number of fit parameters was either 4, 5, or 11, respectively. Table I . When only the first neighbor oxide path was included, the k and R ranges were 2-5.8Å −1 and 1-3Å, respectively. Otherwise, they were 2-13Å −1 and 1-4Å (or slightly wider for the reference sample). As shown in Table I, depending on whether 1, 2, or 3 paths were needed, the total number of fit parameters was either 4, 5, or 8.
Ga K-edge EXAFS of powdered Ga 2 Se 3 shows a first neighbor bond at 2.43Å, within error bars of the same bond measured with Se EXAFS. Thin film data are dominated by a much shorter first neighbor bond length of ∼ 1.92Å, which corresponds to gallium oxide.
(Ga K edge data not shown)
IV. DISCUSSION
The electronic structure, atomic structure, and growth properties of Mn-doped Ga 2 Se 3 films have been studied as function of Mn concentration, thickness, post-growth annealing, and buffer/capping layers. Figure 1 , a "QCM Mn concentration" versus "QCM thickness" scatter plot, serves as a sample index for cross-referencing the information about electronic and atomic structure from XPS and X-ray absorption data with the morphology observed with STM.
A. Surface Morphology
All the films are loosely grouped into three categories based on their morphology from STM: "laminar", "islanded," and "platelet." "Laminar" films (i.e. Fig. 2 (a, D1) ) have a nanoridge morphology similar to pure Ga 2 Se 3 with total corrugation less than 0.5 nm.
"Islanded" films have a large fraction of the surface covered with islands taller than 1 nm.
The islands protrude from flat terraces with a nanoridge morphology similar to the "laminar" morphology; the specific island morphology can be varied significantly by changing the growth parameters (e.g. Fig. 2 (c, D7) , Fig. 3 (a, D8) and Fig. 5 (b, D6) ). "Platelet"
films (e.g. Fig. 2 (b, D5) and Fig. 5 (a, D6A) ) have a small number of islands 1-2 nm tall surrounded by laminar terraces consisting of platelets and nanoridges.
The nanoridges in doped films, whether in laminar films or in the inter-island regions in island films, are similar in overall morphology to undoped Ga 2 Se 3 films, but different at the atomic scale. As shown in Fig. 4 , the nanoridges in doped films exhibit bumps along their length that are not observed without Mn. These bumps are attributed to the changes in electronic states brought about from presence of Mn near the surface of the nanoridges.
The platelet morphology exhibits large atomically smooth "platelets," which is different from laminar films and the inter-island regions in islanded films where Ga 2 Se 3 nanoridges grow on top of each other to various heights, creating a comparably rough surface. The regularly spaced nanoridges that make up the platelets exhibit a period (2.8 nm) that is much larger than any typical unit cell. This different morphology may indicate that the platelets take a different structure than the islands or nanoridges. The regularly spaced, large period, ridges may be due to lattice dislocations caused by a lattice mismatch. The platelets may take the MnGa 2 Se 4 phase (mismatch ∼ 8 %), which would be consistent with the bulk phase diagram for this system, and could explain the dislocations.
Despite the difference in structure, the platelet films and islanded films show similar local
Mn environments. The Mn L II,III edge XAS is very similar between islanded and platelet films ( Fig. 6 (a) ). Also, the Mn 2p XPS peaks of platelet and islanded films are quite similar, except for minor variations in the relative intensity of the Mn LMM Auger and the Auger feature at −632 eV. See Fig. 6 (b) . The high binding energy satellite features observed in both cases are often observed in the core level photoemission from Mn in semiconducting or insulating compounds. They can be interpreted using the configuration-interaction scheme as arising from the overlapping contributions of different possible final states. See Refs. 28
and 29. The differences in intensity of the Auger features may be due to differences in the available final states between the platelet and islanded films, which could also explain why the Auger feature at −632 eV is not observed in the electronically very dissimilar Mn metal.
Increased inelastic scattering from the taller islands could also lead to an apparent increase in Auger intensity.
The platelet morphology is kinetically-stabilized, and has a sensitive dependence of the growth parameters. Comparison of the morphology of a platelet film before and after annealing, Fig. 5 (a) and (b), shows that the platelet morphology is metastable with respect to annealing at the growth temperature. This suggests that the platelet morphology is kinetically stabilized and that the highly islanded morphology is the energetically favorable one. This also implies a sensitivity to the rate of temperature decrease after the growth is stopped. This sensitivity, together with limited reproducibility in the cooling rate, may explain why samples with similar Mn concentration and thickness (i.e. D4/D5 or D6/D7 in Table I . Similar to the Mn in the laminar doped film, the Mn in the islanded films also participates in manganese oxide with a bond length of about 2.15Å. Again, we do not observe the 2.4Å bond length that would be expected for Mn substitution on a Ga site.
These results expand on our previous report, 11 which showed data only from an islanded buffer layer film, by showing that the crystallographic phase of the islands does not depend on the presence of the buffer layer, and laminar film data.
The Mn K-edge XANES can sometimes be used as fingerprint for certain types of chemical bonding. 31 In this case, the gradual shift in position and shape of the Mn XANES (see Fig.   7 ) can be used to rank the relative oxidation of the different samples. The edge position shifts between MnO and MnSe, which is probably due to the Mn-O bond being more ionic in nature than the Mn-Se bond. The gradual shift in the edge position of the thin film samples can be understood in terms of an decreasing degree of oxidation from the laminar doped film (D3), to the islanded direct film (D7), to the islanded buffer layer film (B8). This is consistent with the trend from the EXAFS result. See, for example, the |χ(R)| plot in Fig.   9 (b), which shows decreasing weight at the Mn-O bond (R∼1.5Å) along the same series of samples. This leads to the conclusion that the Mn in the laminar film is more prone to oxidation.
By correlating STM results with K-edge EXAFS and XANES for the various samples, we propose that there are two types of Mn in islanded Mn-doped Ga 2 Se 3 films: Mn that participates in phase-separated islands of the MnSe phase, and Mn that remains doped in the Ga 2 Se 3 , but floats to the surface during growth. The existence of the MnSe phase is well supported in the islanded films by the observation of the corresponding first and second neighbor bond lengths for both Mn and Se. As discussed in our previous report, the step heights of incomplete island layers (∼ 2.7Å) from STM in a buffer layer film also supports the MnSe phase identification and suggests a specific epitaxial orientation with the substrate. 11 The orientation of the island perimeters (aligned with Ga 2 Se 3 nanoridges) suggests a similar epitaxial orientation for the MnSe islands in the direct case. A schematic view of this epitaxial alignment is shown in Fig. 10 .
The second type of Mn in doped films, the Mn that does not participate in MnSe islands, is observed by STM as bumps along the nanoridges of the Ga 2 Se 3 morphology. As STM is extremely surface sensitive, the Mn thus observed must be very near the surface. An oxidized Mn component is observed in air exposed films by EXAFS and XANES. Given that the Mn was not oxidized before air exposure, as determined by XPS, it is reasonable to expect that the Mn observed on the surface by STM is oxidized by air exposure. So, it is consistent to assign the oxidized Mn component observed in the K-edge data as that Mn which remained in the Ga 2 Se 3 film. This assignment is supported by the inverse correlation between islanding observed by STM and oxidation observed by EXAFS and XANES. That is, the non-islanded film (D3) is the most oxidized, and the most highly islanded film (B8)
is the least oxidized.
We interpret observation of a single gallium oxide bond in the K-edge EXAFS from the thin film samples as being due to the formation of gallium droplets during growth and subsequent oxidization upon exposure to air. While having little effect on the STM or XPS data, sparse Ga droplets would dominate the signal in the bulk sensitive EXAFS experiments.
The L-and K-edge XAS and Mn 2p photoemission indicate that the Mn is in the formal 2+ (d 5 ) oxidation state regardless of growth conditions. EXAFS at the K-edge shows that
Mn participates either in MnO or MnSe-like phases; in either case, we would expect Mn to be in the formal 2+ oxidation state.
There are several similarities between the island growth observed in (MnSe) x (Ga 2/3 Se) 1−x and that observed in Si x Ge 1−x and (InAs) x (GaAs) 1−x . For example, the transition from laminar to islanded growth can be described in all three systems in terms of laminar films up to some critical thickness, at which point islands begin to nucleate and grow. Adding an undoped Ga 2 Se 3 buffer layer between the Si(001):As and the doped film still results in an islanded morphology, but the islands are much shorter and cover a larger fraction of the surface. (Fig. 3 (b) ). The difference in island morphology between films with and without a buffer layer (Fig. 3 ) may be attributed to the undoped Ga 2 Se 3 buffer layer preventing reaction of the Mn with the As monolayer. Ga 2 Se 3 has been shown to be an effective buffer layer against oxidation of Si(001):As, 18 and it is reasonable to assume that it could also serve to buffer Mn from interacting with Si(001):As. The Mn-As bond length is longer than the Mn-Se bond length, and Mn-As bonding could provide local strain centers. The very small or absent dichroism signal in air exposed films at the Mn L II,III edge in air exposed films may suggest a lack of ferromagnetic ordering in Mn-doped Ga 2 Se 3 , but it is also possible that the films exhibit magnetic order that is not seen in XMCD due to surface effects. The most closely analogous system, Mn-doped GaAs, shows an XMCD signal around 40% under similar measurement conditions (15 K, 85% circular polarization, ±0.6 T).
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Neglecting surface effects, the maximum XMCD signal would be somewhat smaller for our measurements due to the lower degree of circular polarization of the light (∼60%) and smaller applied field (±0.2 T) leading to the possibility of measurement under non-saturated conditions. In the Mn-doped GaAs case, XMCD and XAS studies before and after HCl etching revealed a surface layer with very different electronic and magnetic structure. Similar to our observation, this surface layer showed pronounced atomic multiplet structure and little dichroism. Tables   TABLE I: Se and Mn K-edge EXAFS fit parameters. Amp is the amplitude of the given component from the fit, D is fit bond length in angstroms with the statistical uncertainty in the last digit indicated in (), and σ 2 is the Debye-Waller factor from the fit. For each data set, the difference between the calculated and measured edge position was also a fit parameter (not shown). This was not allowed to vary between paths, but was varied between samples. MnSe second neighbor bond lengths were constrained to √ 2 times the first neighbor (nhbr) bond length. The coordination number was fixed based on the structure (2.67 for Ga 2 Se 3 1st nhbr, 6 for MnSe, MnO and SeO first nhbr, and 12 for MnSe 2nd nhbr.) 
